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Abstract 
We have developed a non-invasive ultrasound theragnostic system (NIUTS) that tracks and follows the movement of an 
affected area (kidney stone / tumor, in this study) while irradiating it with high-intensity focused ultrasound (HIFU). In this paper, 
we propose a method to simplify extracting, tracking and following, monitoring the affected area by using a bed-type non-invasive 
ultrasound theragnostic system. 
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1.  Introduction 
It is possible to treat an affected area in the focal 
volume without damaging surrounding or overlying 
tissues using high-intensity focused ultrasound (HIFU), 
which, as a non-invasive technique, is an attractive 
alternative to current abdominal and endoscopic 
surgeries (Fig. 1(a)) [1].   
Areas can be selectively diagnosed and treated non-
invasively using HIFU under the same principle as in 
conventional ultrasound.   Ultrasound propagates 
harmlessly through living tissue.    
However, if an ultrasound beam is focused too 
tightly, the energy in the focal volume may cause local 
heating.  A number of studies have been conducted since 
Lynn et al. first demonstrated the potential of HIFU for 
use in medical applications.    
One example of a medical application of HIFU is the  
 
 
Fig. 1. (a) High Intensity Focused Ultrasound (HIFU). (b) Destruction 
of a model kidney stone by HIFU. 
non-invasive destruction of kidney stones (Fig. 1(b)) by 
the energy generated by cavitation. 
   High-intensity focused ultrasound irradiation has an 
advantage in that any debris produced from such stones 
is small enough to prevent complications in adjacent 
organs.  The JC HIFU system [2] is widely used in 
clinical practice.    
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Fig. 2.  Required structuring functions for a non-invasive ultrasound theragnostic system. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.  System configuration of a non-invasive ultrasound theragnostic system. 
A total of 19 devices for clinical use were used to treat 
1,050 patients who had a variety of tumors [3].   
However, there was no compensation for the movement 
of organs in the affected area, which is primarily caused 
by respiration.   
Preventing such movement, while irradiating an 
affected area with focused ultrasound, is generally 
difficult for both the physician and the patient. We here 
propose an integrated system for non-invasive 
ultrasound therapy and diagnostics (theragnostics) that 
compensates for movement by tracking and following 
the area to be treated by stereo ultrasound imaging while 
irradiating the affected area with HIFU.   
The proposed system uses focused ultrasound to 
destroy tumors and stones [4] without damaging healthy 
tissue [5]. This is achieved by tracking and following the 
affected area (kidney stones, in the present study) in 
respiration and other causes.   
The remainder of the present paper is organized as 
follows.  In Section 2, decomposition and reconstruction 
(structuring) of the required functions are discussed. 
Problems, encountered in servoing the target kidney 
stone and HIFU irradiation, are clarified.    
In Section 3, we explain the system configuration of 
a bed-type NIUTS based on the abovementioned 
required functions. In Section 4, we discuss the problems 
associated with visual motion tracking of target tumors 
and kidney stones in the body by using ultrasound 
images. Fourth, we propose a method to simplify  
extracting, tracking, and monitoring affected area by 
using a bed-type non-invasive ultrasound theragnostic 
system in Section 5. Fifth, We conducted an servoing 
experiment for human kidney to confirm the 
effectiveness of the proposed method in Section 6. 
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Fig. 4.  Problems and solutions with visual motion tracking using ultrasound images. 
2. Required functions and implementations 
Clarification of the required functions is important in 
order to realize an efficient system. Figure 2 shows an 
overview of the structuring (decomposition and 
reconstruction) functions.   
The functions required for a non-invasive ultrasound 
theragnostic system are categorized as (FR-1) Diagnostic 
functions or (FR-2) Therapeutic functions. (FR-1) are 
further categorized into the following four subcategories: 
(FR-1.1) Moving the probe to the affected area 
(FR-1.2) Extracting the affected area 
(FR-1.3) Tracking and following the affected area 
(FR-1.4) Monitoring the affected area 
Therapeutic functions (FR-2) are further categorized 
into the following three subcategories: 
(FR-2.1) Focusing the HIFU focus onto the designated 
position in the affected area  
(FR-2.2) Varying the HIFU irradiation power 
(FR-2.3) Terminating the HIFU irradiation 
In the present paper, we propose a  method to 
simplify extracting, tracking and following, and 
monitoring the affected area by using a bed-type non-
invasive ultrasound theragnostic system, mainly related 
to (FR-1.2) - (FR-1.4). 
3. Implemented System Configuration 
The non-invasive ultrasound theragnostic system was 
constructed (Fig. 3) based on the required functions, as 
described in Section 2.  Stereo diagnostic images are 
acquired using two diagnostic probes.   These images are 
then used to determine the 3D positioning data of the 
affected area and the focus position of the HIFU.  In the 
control, the focus point tracks and follows the kidney 
stone using the 3D positioning data.    
The HIFU irradiates the kidney stone using a 
function generator, an amplifier, and a transducer.  The 
HIFU irradiation parameters are given in Reference [4].  
The robot has a spherical piezoelectric transducer and 
two ultrasound probes, one of which is located in the 
center of the piezoelectric transducer and the other of 
which is located on the lateral side of the piezoelectric 
transducer.  These two probes satisfy the following two 
requirements: 
(i) The image planes of the probes are mutually 
perpendicular (Fig. 3(c)). 
(ii) The focus of the HIFU, which is irradiated by 
piezoelectric transducers, is located on the image planes 
of both probes (Fig. 3(c)). 
The two ultrasound image planes are shown in Fig. 
3(c).  The stone appears as the bright regions in the left- 
and righthand ultrasound images.   The ultrasound image 
on the left is acquired by the probe in the center of the 
piezoelectric transducer, and the ultrasound image on the 
right is acquired by the probe on the lateral side of the 
piezoelectric transducer. 
4. Problems with Visual Motion Tracking using 
Ultrasound Images 
In this section, we discuss the problems with visual 
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motion tracking using ultrasound images in this special 
theragnostic system of the present study. First, we 
discuss the problems in extracting, tracking, and 
monitoring the affected area.    
As described in Fig.4, the noise factors, which 
deteriorate the image quality (IQ) for servoing, are 
classified into the following four factors: (i) acoustic 
shadows generated by the high acoustic impedance 
tissues like lib bones. (ii) organ deformation or texture 
pattern change in the ultrasound image due to organic 
motion, which is primarily due to motion perpendicular 
to the ultrasound image plane. (iii) caonfusing 
surrounding tissues or bubbles, which are generated by 
HIFU irradiatiTon, image aliases, etc. (iv) blur noise 
caused by oscillation of the mechanical systems.   
 
 
 
 
 
 
 
 
 
 
 
Fig.5.  Obtained ultrasound image with a proper ROI and kidney 
template model. 
 
 
 
 
 
 
 
 
Fig.6.  Tracking and following results of human kidney. 
 
Servoing errors cause the ultrasound images to 
change due to the change of the viewpoints of the 
ultrasound probes, which in turn increases the servoing 
error. This negative spiral causes the servoing 
performance to become increasingly worse. 
However, if the servoing performance can be 
improved by some method that results in a positive 
spiral, the possibility of dramatically enhancing the 
servoing performance is increased. 
In this paper, as a solution to above-mentioned 
problems, we propose a technique to simplify extracting, 
servoing, and monitoring affected area by utilizing the 
characteristics of the bed-type non-invasive ultrasound 
theragnostic system. 
 
5. Simplification method of extracting, servoing, and 
monitoring affected area by bed-type NIUTS 
In this section, we propose a method to simplify 
extracting, servoing, and monitoring affected area by 
using a bed-type NIUTS to cope with the problems, 
described in section 4. It is possible to restrict the motion 
of the affected area in the ventrodorsal direction into the 
Region Of Interest (ROI) on ultrasound images, by 
introducing the bed-type non-invasive ultrasound 
theragnostic system.   
Specifically, the velocity of the motion of the 
affected area 6),,,,,( Rzyxx Taaaaaaa can 
be divided into the following three components. 
 
pcra xxxx           (1)
 
6Rxr : velocity of quasi-periodical respiratory 
motion of affected area. 
6Rxc  : velocity of quasi-periodical palmic motion 
of affected area. 
6Rxp : velocity of affected area caused by other 
things, such as changes of position and posture of the 
patient. 
From here, px  includes cx , because kidney 
position is far enough to be able to assume 0cx .  
Here, rx is quasi-periodical motion.   We take 
),2,1(iT ri  for this period of quasi-periodical 
respiratory motion and define the centre of quasi-
periodical respiratory motion 
ir
x  as the following 
equation. 
iirrr TtTtxtxx iii 1))}(min())({max(2
1
  (2) 
Under the constant respiratory motion status, 
amplitudes and periods of respiratory motion become 
stabilized. Here, we define the initial time ( 0t ) when 
the target kidney is located in the centre of quasi-
periodical respiratory kidney motion.  
If the affected area is moved by respiration, the fact 
that the affected area returns to the same position, 
around the centre of quasi-periodical respiratory motion, 
in every period is expressed by the following equation. 
 i
T
rdtx
r
i
0
         (3)
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11 0
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The respiratory organic motion by the diaphragm is 
modeled as a typical mass-spring-damper model. This 
model has the equilibrium point and doesn t deviate 
ROI
Kidney template model
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from its trajectory so much. Thus, the affected area 
returns to the centre of quasi-periodical respiratory 
kidney motion (
irr
xx ) in every period. 
This system is dissipative system for the force input 
by the diaphragm. According to the Lasalle's theorem [6], 
this system has asymptotic stability around the 
equilibrium point.  
However, in fact, the respiratory organic motion by 
the diaphragm has the quasi-periodical motion, due to 
the quasi-periodical force input by the diaphragm. Here, 
it should be noted that the amplitudes of the respiratory 
motion of affected area (
ir
A ) is bounded. Therefore, the 
respiratory motion is also bounded. 
iirrr TtTAxxA iii 1max|)min()max(|2
1  
(5)
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Here, it is required that you can set ROI (Region Of 
Interest), so that the ROI incorporates the region of the 
affected area ( objD ), as a condition to extract the 
affected area, which is used as a template model for 
tracking, in the ultrasound diagnostic images.   
Here, for extracting affected area, it is desirable that 
the affected area always stays in the ultrasound images 
during the motion in a period. However, even if the 
affected area stays in the ultrasound images for the 
limited time during the motion in a period, we can 
acquire the template model of the affected area for 
tracking. 
In this paper, we discuss about the ventrodorsal 
direction (z axis) of the patient s steady posture (the 
condition that the patient is lying on the back). We 
suppose that the condition 0pz  is fulfilled as an 
advantage of the bed-type structure. 
ra zz                                                                      (7) 
Namely, it is enough to consider only the quasi-
periodical respiratory motion of the affected area. If you 
can set the rectangular ROI, which incorporates objD  
with the margin of zAmax , you can always trap the 
affected area during the motion in a period in the 
ultrasound images. Here, it should be noted that zAmax  is 
the z-component of maxA  and approximately less than 
10 mm.  
During tracking and monitoring the affected 
area, it is sufficient to set ROI, which 
incorporates objD  with the margin of
zemax . Here, zemax is the z-component of the maximum servoing 
error. Normally, you can reuse the ROI when you use 
to extract the affected area, because the following 
condition is supposed to be fulfilled. 
zz Ae maxmax 2
1          (7) 
6. Experiment 
6.1 Experiment for setting ROI and acquisition of 
template 
We conducted an experiment to confirm whether we 
can set ROI properly and acquire the templates for real 
human kidney by using our constructed bed-type NIUTS.  
Fig. 5 shows that we can set ROI properly and acquire 
the proper template for extracting, tracking and 
following the affected area by using the constructed bed-
type NIUTS. 
6.2 Servoing experiment for human kidney 
We conducted an servoing experiment for human 
kidney to confirm whether we can extract, track and 
follow the affected area properly by using the ROI 
settings, which is illustrated in Section 5, and the 
templates, obtained in Section 6.1, with the constructed 
system..    
Fig. 6 shows the correlation value, between the 
ultrasound image and the template, a trajectory of the 
robotic system in the x direction, and the value of 3D 
positioning sensor [7] in the y direction in order to 
enhance the robustness of tracking and following the 
affected area.  
In Fig. 6, the fact that the correlation value is highly 
maintained shows that the quality of the ultrasound 
images during tracking and following the target kidney 
could be preserved by the constructed bed-type NIUTS. 
In this experimsent, we applied a techinique to 
resume tracking status automatically by utilizing the 
acquired templates and 3D positioning sensor data. We 
will report the specification of this technique in the next 
report. As mentioned in Section 5, the simplification 
method of extracting, servoing, and monitoring affected 
area contributes to realize this technique greatly. 
In this experimsent, we applied a techinique to 
resume tracking status automatically by utilizing the 
acquired templates and 3D positioning sensor data. We 
will report the specification of this technique in the next 
report. As mentioned in Section 5, the simplification 
method of extracting, servoing, and monitoring affected 
area contributes to realize this technique greatly. 
Specifically, Fig.6 shows that we can find the target 
kidney again properly and resume the tracking status in a 
few minutes, when the patient moves in the horizontal y-
axis direction of the bed, we miss the tracking target 
kidney, and the normalized correlation value declines 
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remarkably. 
7. Conclusion 
In this paper, we clarified the functional 
requirements for a bed-type NIUTS. Second, we 
described the system configuration of the bed-type 
NIUTS based on the clarified functional requirements.  
Third, we clarified problems during extracting, 
tracking, and monitoring the affected area on ultrasound 
images. To cope with the above-mentioned problems, 
we proposed a method to simplify extracting, tracking 
and monitoring the affected area by restricting the 
motion of the affected area in the ultrasound images. 
Finally, we confirm that the system can track and 
follow a real human kidney properly by using the 
constructed bed-type NIUTS.. 
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